ABSTRACT Energy balance of adult cockerels genetically selected for high (R/) or low (R0) residual feed consumption was investigated by using indirect calorimetry. Although no between-line difference was found in digestion of ingested energy, the true metabolizable energy (ME) intake was 40% greater in R/ than in R0 birds. Basal heat production (HP) did not significantly differ between genotypes. Diet-induced thermogenesis (DIT) was significantly enhanced in R/ compared with R0 birds, i.e., /84% when expressed as the difference in kilojoules of heat production determined in feed-deprived and fed cockerels, /31% when calculated as a percentage of ME intake (P õ 0.01). The difference in DIT calculated from the regression between HP and physical activity explained 75% of the difference in HP; the remaining 25% could be explained by activity-related HP. The results cannot be explained by differences in the plasma concentration of circulating thyroid hormones: plasma thyroxine concentration did not differ between genotypes, whereas plasma triiodothyronine concentration was lower in feeddeprived R/ than in R0 birds and indistinguishable in fed birds of the two lines. Heat production, however, was higher in the R/ line. Propranolol decreased HP only in the R/ line, suggesting a b-adrenergic control of DIT at least in cockerels of this line. Plasma triglyceride concentration was lower in the R/ than in the R0 line in fed cockerels, and plasma nonesterified fatty acid concentration was higher in the R/ than in the R0 line in feeddeprived cockerels. These results are consistent with the leanness of the R/ compared with the R0 line. The R/ and R0 lines constitute an original model of diet-induced thermogenesis (DIT), a process that is under genetic control of appetite and allows R/ birds to balance all of their excessive energy intake without any adipose tissue storage. J. Nutr. 127: 2371-2376, 1997.
In animal production, two thirds of the total costs of meat, weight and by 20% for females of the same body weight and egg or milk production are due to feed expenses. The improveegg production after 14 generations of selection. The higher ment of feed efficiency, i.e., the reduction of feed intake for a energy intake of R/ birds should be offset by the following: given level of production, has long been the main preoccupa-1) a lower digestion of ingested energy; 2) an enhanced energy tion of breeders and geneticists. In laying hens, an important expenditure (basal metabolic rate, physical activity or heat part of the variation of feed consumption can be explained by increment of feed, which is the heat production due to the the egg mass, body weight and its variation (Byerly et al. increase in metabolic rate after feed ingestion, also referred as 1980, Fairfull and Chambers 1984) . However, the remaining the thermic effect of food or diet-induced thermogenesis); or variation, referred to as residual feed intake or R criterion, 3) changes in body composition. Selection for RFC did not may be used for direct selection of feed efficiency. The R is modify the digestive use of energy intake of either cockerels defined as the difference between the observed and the preor hens (Gabarrou and Géraert 1994, Géraert et al. 1991) . dicted feed intake. Two experimental lines have been diverThe body composition of the two lines differs but, surprisingly, gently selected for high (R/) 4 or low (R0) residual feed intake R/ birds are leaner than R0 birds (El Kazzi et al. 1995, Tixier (RFC) , Mérat 1984, and Bordas et al. 1992) . The et al. 1988 , Zein-El-Dein 1985 . Using indirect calorimetry, observed feed intake differs by 40% for males of the same body Géraert et al. (1991) and Gabarrou and Géraert (1994) demonstrated that differences in energy intake were balanced by enhanced heat production (HP) in the R/ compared with day without feed (d 6). True metabolizable energy (TME) was esti- were measured as described by Picard et al. (1992) 
MATERIALS AND METHODS
tration in the chambers. All analyzers operated with 1% ranges (O 2 : 20-21%, CO 2 : 0-1%). Day-to-day variation in the gas analyzers was Animals and diet. The implementation of the experimental procorrected by calibration using two standard gas ranges (20.416% O 2 , tocol was registered with the French Institutional Animal Care Com-0.570% CO 2 for standard 1; 20.346% O 2 and 0.708% CO 2 for stanittee (Agricultural Ministry, Animal Health and Protection Bureau).
dard 2). Chambers were calibrated yearly by alcohol combustion with Thirty 40-wk-old cockerels of the 17th generation of the R/ and a recovery ranging between 95 and 98%. R0 lines (Bordas et al. 1992) were reared in individual battery cages.
A Fluke data logger module (2286A, Fluke, les Ullis, France) was They were fed a standard complete diet (Table 1) containing 12.84 interfaced with the gas analyzers, flow rate controllers, temperature MJ metabolizable energy (ME) and 126 g crude protein per kg. Ambiand relative humidity probes, Doppler-radar modules, strain gauges ent temperature was maintained at 20ЊC. The lighting program was and switch valves. It collected data and switched gas samples for 14 h light:10 h dark.
90-s sampling periods over at least 23 h. Experiment 1. Twelve birds were transferred to individual respiraGas samples were switched from respiratory chambers or from the tory chambers to measure their energy balance. They had free access reference-air line to the analysis system as follows: chambers 1-3 to to feed and water for 4 d and were deprived of feed for 2 d. The first analysis system 1 and chambers 4-6 to analysis system 2. Air was day of each period (d 1 and 5) was considered as an adaptation period sampled from a chamber exhaust outlet and analyzed for 90 s. Values and was not taken into account for the calculations. Feed and water were averaged over the final 20 s before another gas sample was intakes were measured daily. Excreta were collected daily, weighed analyzed. and freeze-dried before analysis. Endogenous energy and protein losses, and basal metabolic rate were determined during the second Oxygen consumption and CO 2 production rates were modeled, taking into account the accumulation rates of O 2 and CO 2 in cham- and calibration). Diet-induced thermogenesis (DIT) was estimated from the difference between heat production determined in feed- Analysis. Dry matter contents of feed and feces were determined by oven-drying samples for 4 h at 103ЊC. Protein contents were based on spectrophotometry (model 2, Beckman Instruments, Palo * Slopes and constants were compared using Student's t test; SigAlto, CA). Plasma triglycerides, uric acid and nonesterified fatty acids nificantly different from R0, P õ 0.05.
(NEFA) were measured by enzymatic methods (Fossati et al 1980 , Fossati and Prencipe 1982 and Okabe et al. 1980 by using the kits provided by BioMerieux SA (Charbonnières-les-Bains, et al. (1992) . The animal protocols were approved by the French France).
Ministry of Agriculture. To determine liver deiodinase I activity, 12 cockerels of each line Statistical analysis. All data are presented as means { SEM. Stawere slaughtered by cervical dislocation. Livers were removed and tistical significance between the means was determined by Student's immediately weighed, frozen in liquid N 2 and stored at 080ЊC until t test and two-way ANOVA for Experiment 4. P õ 0.05 was considered analysis. Deiodinase I activity was determined as described by Darras significant. Linear regression equations were fitted to evaluate the relationship between HP and true metabolizable energy intake (TMEi) or physical activity.
TABLE 2 RESULTS

Body weight, feed intake, physical activity, energy balance, respiratory quotients, rectal and comb temperature of R/ and
Experiment 1 and 2. Although R/ ate significantly more than R0 birds (/40%), no difference between lines was ob-
R0 adult cockerels 1 (Experiment 1)
served for body weight or digestion of ingested energy ( Table   Pooled 2). The TMEi was thus higher in the R/ line (/40% higher in the R/ line (27.5 %) than in the R0 line (20.9%).
HP 2 when feed-12
Regression equations were established for each line between deprived, kJ/ HP and TMEi (HP Å a 1 TMEi / b) ( Table 3 but comb temperature was higher in fed R/ than R0 birds.
2 TME, true metabolizable energy; GE, gross energy; HP, heat proPhysical activity expressed in counts/min was 28% higher duction. * Significantly different from R0, P õ 0.05.
in the R/ than in the R0 line when birds had free access / 4w2c$$0011 11-10-97 17:10:58 nutra LP: J Nut December in the R/ line (Table 7) . When treated with DL-propranolol, R/ and R0 birds did not differ in HP.
1 n Å 12 birds per line. 2 rT3: reverse T3. * Significantly different from R0, P õ 0.05.
DISCUSSION
As previously reported for males of the same experimental to feed (Table 2) . Tube-feeding drastically reduced activity, lines (Géraert et al. 1991) or for White Leghorn females obparticularly in the R0 line compared with the R/ line. The tained by a similar selection process (Katle et al. 1984 , Luiting energetic cost of activity (the slope of regression, Table 5) 1991), no difference between lines was observed in the digeswas higher in the R0 line whether birds were tube-fed (/11%) tive balance trial. The observed difference in feed intake beor had free access to feed (/33%). HP extrapolated to zero tween R/ and R0 cockerels was due mainly to a divergence activity (Table 5 ) was higher in the R/ line whether birds in TME intake (40%). Basal metabolic rate, estimated from were tube-fed (/19%) or had free access to feed (/29%). As HP of feed-deprived birds, did not differ significantly between a consequence, the total energetic cost of activity was slightly lines. Heat production was significantly enhanced (29%) in but not significantly higher in the R/ line, 244 vs. 211 kJ/ fed R/ cockerels compared with R0 cockerels. Luiting (1991) (kg 0.75 rD), when cockerels had free access to feed. Tube feedfound /30% in one experiment and /12% in another experiing drastically reduced the total activity expenditure, which ment, and Katle (1991) found /23% after only three generaremained significantly higher in the R/ than in the R0 line, tions of selection. The difference between lines in energy in-91 versus 48 kJ/(kg 0.75 rD).
take was balanced by a difference in HP associated with a larger body surface for heat exchange, i.e., longer shank lengths and a larger comb and wattle in the R/ line (Bordas et al. birds. When cockerels were fed, the comb temperature was Dein 1985). When feed deprived, R/ birds showed a higher NEFA concentration than R0 birds. This has also been resignificantly higher in the R/ line. The difference in rectal temperature (higher in the R/ line than in the R0 line) was ported in rats fed highly palatable diets (Rothwell and Stock 1979) . In the hyperphagic rat model, enhanced thermogenesis not significant (P Å 0.15), but in a larger population, Bordas and Mérat (1984) and Bordas et al. (1992) found a significantly results from a b-adrenergic and T3 stimulation of the BAT (Rothwell and Stock 1979) and of the liver mitochondria higher rectal temperature in the R/ line than in the R0 line (/0.63ЊC). (Liverini et al. 1994) . Fatty acids are indeed the main fuel of the enhanced thermogenesis of the BAT. But because birds Using a Doppler-radar system with White Leghorn hen lines selected for high or low RFC, Luiting (1991) found that have no BAT (Saarela 1989) , other tissues could be involved. However, DIT and NST may have a common origin (Rothwell as much as 50-70 % of the divergence in HP between lines could not be accounted for by changes in physical activity. In and Stock 1980). Barré et al. (1985) showed that NST of cold-acclimated ducklings was controlled by glucagon and inExperiment 1, the activity-related HP, which was higher in the R/ line (/16%), did not explain the total divergence in volved the loose-coupled oxidative phosphorylation of subsarcolemmal muscle mitochondria. Liver, through its very im-HP between lines. The difference due to activity [33 and 38 kJ/(kg 0.75 rd), in Experiments 1 and 2, respectively) repreportant metabolic role in birds, might also be involved in the enhanced thermogenesis of R/ birds as suggested in rats fed sented only 25 and 36%, respectively, of the difference in HP between lines. Because no difference was observed in basal highly palatable diets (Liverini et al. 1994 ). The higher plasma NEFA level might also suggest that fatty acids can be used as metabolic rate, the remaining 75 or 64% of the difference in HP could thus be accounted for by DIT. fuel or even enhance the uncoupling of mitochondria (Barré et al. 1985) . As observed previously in cockerels (MacLeod 1991), tubefeeding drastically reduced physical activity (Table 3) in both
The R/ and R0 lines are an interesting model for the study of the genetic control of DIT. The enhanced HP due to lines (00.8 counts/min), suggesting a similar level of activity related to feed intake in the R/ and R0 lines. Both lines a higher DIT allows R/ birds to eliminate their excessive energy intake. Metabolic pathways such as the uncoupling spent the same time eating, which reinforces such a hypothesis. However, the energetic cost of activity (slope) appeared lower effect of NEFA and their tissue localization (liver or muscles) should be futher investigated in relation to the endocrine and/ in the R/ line ( Table 3) . The difference in activity between lines may therefore be due to a difference in behavior such as or neuroendocrine control. Although b-adrenergic regulation appears to be involved, thyroid control remains unclear. The higher water intake to enhance heat dissipation, as observed previously (Gabarrou and Géraert 1994) .
investigation of thyroid hormone turnover could clarify its role in the enhanced thermogenesis of the R/ birds. The results suggest the existence of a regulatory thermogenesis, at least in the R/ line, as described previously by Jéquier (1985) in humans as a facultative DIT. For 100 kJ TME in
